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GENERAL INTRODUCTION 
The issue of soil and resource conservation is a 
dominant theme in modern agriculture, and researchers are 
continually searching for answers to producers' questions 
regarding how to maintain profitability while reducing 
inputs. Conservation tillage systems have been used for many 
years to combat soil erosion, but recently, with the passage 
of the 1985 Food Security Act Conservation Compliance 
regulations, soil conservation has been thrust to the 
forefront. Ridge conservation tillage systems are receiving 
increased attention as an alternative to flat no-till systems 
for row crop production. 
The ridge system has potential to improve cool, wet, 
spring soil conditions that delay planting and slow 
germination and seedling development in poorly drained 
Northern Corn Belt soils. Studies have shown that the ridge 
configuration contributes to warmer and dryer seed zone 
conditions than exist in flat configurations (Benjamin et 
al., 1989; Mahrer and Avissar, 1985; Radke, 1982). Ridge 
tillage systems have high positional variability which 
contributes to compensatory root growth and creates special 
management problems. Researchers have studied the positional 
variability associated with ridge configurations, and the 
effects of physical and chemical variability on root 
distribution (Benjamin et al., 1989; Bauder et al., 1985; 
Drew and Saker, Î975; Garcia et al., 1988; Shierlaw and 
Alston, 1984). 
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Ridge systems increase the potential for managing the 
root environment to minimize negative effects of positional 
variability and are well adapted to controlled wheel traffic 
compaction management. Garcia et al. (1988) suggested using 
nutrient placement and compensatory root growth in the ridge, 
the soil zone most favorable for root growth, to improve 
nutrient uptake efficiency. Their results indicated that 
nutrient uptake efficiency responds more to nutrient 
placement when significant positional variability exists than 
in uniform soil conditions. 
A newly-developed fertilizer applicator, the spoke-wheel 
injector (Baker et al., 1985), makes ridge-till subsurface 
fertilizer applications more practical than previous 
subsurface application methods. The spoke-wheel injector 
reduces energy requirements, minimizes soil disturbance, and 
has the potential to improve fertilizer use efficiency by 
overcoming several of the fertilizer management problems of 
no-till systems. Surface N applications are less effective 
than subsurface applications for no-till corn because of 
greater denitrification potential (Aulakh et al., 1984; Linn 
and Doran, 1984), fertilizer-N immobilization (Kitur et al., 
1984; Rice and Smith, 1984), ammonia volatilization 
potential, and potential leaching and runoff losses (Baker 
and Laflen, 1982; Schuford et al., 1977; Thomas and Phillips, 
1979; Thomas et al., 1973). 
By improving N efficiency, point injection in ridges may 
help reduce chemical input and the associated environmental 
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hazards. Ridge injection would place N in dryer soil 
decreasing susceptibility to denitrification losses and would 
isolate N from the greatest residue accumulations minimizing 
immobilization and ammonia volatilization. Fertilizer N 
placed in the ridge would be away from the zones of greatest 
water flow and potential leaching (Kemper et al., 1975; 
Hamlett et al., 1986). 
Fertilizer-N distribution after application may be 
influenced by several factors, including microbial 
transformations (Singh and Beauchamp, 1988; Wagenet et al., 
1977), soil physical properties (Bates and Tisdale, 1957; 
Thomas and Phillips, 1979), and water potential gradients 
(Burns and Dean, 1964; Fritton et al., 1967). Understanding 
N-uptake efficiency resulting from point N placement and 
compensatory root growth requires information about N 
distribution, but the N distribution resulting from point N 
placement in ridges has not been studied. 
Nitrogen fertilizer recovery studies often utilize 
expensive ^®N-enriched or ^®N-depleted materials. The cost 
of these materials encourages minimizing the area to which 
labeled fertilizer is applied. Published reports have 
described techniques or microplot designs for use in corn 
fZea mavs L.) N-recovery studies under various conditions 
(Johnson and Kurtz, 1974; Jokela and Randall, 1987; Sanchez 
et al., 1987; Olson, 1980), but these studies all used 
fertilizer treatments simulating a broadcast or interrow band 
application. The plot sizes described by the studies cited 
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above indicate that three isotope-treated rows would be 
necessary to prevent errors in fertilizer N-recovery 
determinations. For in-row N injections, the plants sampled 
would be one row width from fertilizer in the adjacent row, 
well beyond the minimum distance suggested (Jokela and 
Randall, 1987; Sanchez et al., 1987;}. The quantity of 
isotope labeled material required could, therefore, be 
reduced by applying labeled N to a one-row microplot while 
still obtaining a reliable estimate of N recovery. 
The research described in this dissertation is an 
attempt to better understand the point N placement method as 
a possible solution to the apparent profit-environment 
conflict for some production systems. The objectives of the 
experiment were to determine the distribution of inorganic N 
resulting from point solution-N placement and to evaluate 
corn response to N point injection in ridge-tillage. 
The dissertation is presented in two sections, each a 
manuscript submitted to a scientific journal. The first 
section, entitled "Microplot Design for Determining Corn 
Recovery of Nitrogen Fertilizer Applied in the Row," 
presents a method of assessing isotope-labeled N recovery 
from in-row N injections and includes data from a study 
conducted by Joe Benjamin. The second section, entitled 
"Soil Nitrate and Ammonium Distribution and Ridge-till Corn 
Response to Point-Injected Nitrogen Fertilizer" presents the 
findings of the N placement/rate study examining the soil-N 
distribution resulting from, and corn response to, point N 
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placement. Tables, figures, and references are included in 
each section. The two manuscripts are followed by a general 
summary, literature cited in the general introduction and 
summary, and appendices. 
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SECTION I. MICROPLOT DESIGN FOR DETERMINING CORN RECOVERY 
OF NITROGEN FERTILIZER APPLIED IN THE ROW 
A manuscript submitted to 
Soil Science Society of America Journal 
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ABSTRACT 
Fertilizer recovery studies often use microplots to 
reduce the cost of expensive isotope-labeled materials. 
This study was conducted to compare one- and three-row corn 
fZea mays L.) microplots for determining ^®N-depleted 
fertilizer recovery from subsurface, in-row N applications. 
Studies were conducted in established ridge-till systems in 
1987 in southwestern Iowa on Monona silt loam (fine-silty, 
mixed, mesic Typic Hapludolls) and, in 1987 and 1988, at two 
central Iowa locations on Webster silty clay loam (fine-
loamy, mixed, mesic Typic Haplaguolls) and Marna silty clay 
loam (fine, montmorillonitic, mesic Typic Haplaguolls). One-
and three-row microplots were selected within larger N-
recovery studies, and corn rows were injected after planting 
with l^N-depleted NH^NOg (99.99% at 67 and 157 kg N 
ha"^. Percentage of plant N derived from fertilizer was 
determined in grain and stover samples taken at physiological 
maturity. Percentage N from fertilizer ranged from 19.8 for 
grain from Monona silt loam at 56 kg N ha""^ to 50.0 for 
stover from Webster silty clay loam at 157 kg N ha~^. Only 
rate effects were significant at the 0.05 level. Plot size 
(one vs. three rows treated with labeled fertilizer) and plot 
size X rate interactions were not significant. A one-row 
microplot seems adequate for determining corn N recovery in 
the year of application from subsurface, in-row N placements. 
Additional Index Words; Isotopes, ridge-till, subsurface-
applied N, tracers. 
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INTRODUCTION 
The study of nitrogen fertilizer recovery often utilizes 
expensive ^^N-enriched or ^®N-depleted materials. The cost 
of these materials encourages minimizing the area to which 
labeled fertilizer is applied. In an attempt to reduce 
costs, the small plot, or microplot, can be reduced 
sufficiently to introduce errors into fertilizer-recovery 
determinations. 
Several published reports have described techniques or 
microplot designs for use in corn (Zea mavs L.) N-recovery 
studies under various conditions. Johnson and Kurtz (1974) 
described a technique using a single interrow band of 
enriched Ca(N02)g and sampling adjacent rows. The N recovery 
was calculated as twice the average of the two sampled rows. 
Jokela and Randall (1987) described a microplot design used 
with fall tillage and ^®N-enriched (NH^)2S0^ injected in a 
grid at 0.19-m spacings. Their results suggest that, for 
broadcast incorporated N fertilizer, a microplot 1.52 x 
2.29 m centered lengthwise on the row is adequate to assure a 
reliable sample during the year of application and the 
residual year. Sanchez et al. (1987) described a method of 
determining adequate microplot size for a given set of 
conditions and indicated that an area 2 m x 2 m is adequate 
for the first crop year with spring-banded fertilizer. Their 
findings substantiate those of Johnson and Kurtz (1974) that 
negligible lateral movement of spring-banded N fertilizer 
occurs during the first crop year after application. Jokela 
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and Randall (1987) and Sanchez et al. (1987) also concur 
that, because of negligible lateral movement in the first 
crop year after application, a reliable sample could be 
obtained if samples are taken at least 0.38 m from the end of 
the microplot, although data published by Olson (1980) 
indicate that a distance of 0.36 m from the edge of the 
microplot is inadequate. These studies all used fertilizer 
treatments simulating a broadcast or interrow band 
application. 
Point injection of N solutions has the potential to 
reduce N losses and improve N recovery through improved 
timing and placement options (Baker et al., 1985). 
Evaluation of the spoke-wheel injector includes assessing N 
recovery from injections in the plant row. The plot sizes 
described by Olson (1980), Jokela and Randall (1987), and 
Sanchez et al. (1987) indicate that three isotope-treated 
rows would be necessary to prevent errors in fertilizer N-
recovery determinations. For in-row injections of N 
fertilizer, the plants sampled would be one row width from 
fertilizer in the adjacent row, well beyond the 0.38-m 
minimum suggested by Jokela and Randall (1987) and Sanchez et 
al. (1987). The quantity of isotope labeled material 
required could, therefore, be reduced by applying labeled N 
to a one-row microplot while still obtaining a reliable 
estimate of N recovery. 
Experiments were conducted to test the sufficiency of a 
one-row microplot for determining corn recovery of in-row N 
10 
fertilizer injections in the year of application. 
Comparisons were made between microplots in which three 
adjacent rows were fertilized with labeled N and microplots 
in which only one row received labeled N. 
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MATERIALS AND METHODS 
Field studies were conducted in established ridge-till 
systems at three and two locations in 1987 and 1988, 
respectively. One location in southwestern Iowa on Monona 
silt loam (fine-silty, mixed, mesic Typic Hapludolls) and two 
locations in central Iowa on Webster silty clay loam (fine-
loamy, mixed, mesic Typic Haplaquolls) and Marna silty clay 
loam (fine, montmorillonitic, mesic Typic Haplaquolls) were 
used in 1987. The central Iowa sites are approximately 3.5 
km apart. The experimental environments for 1987 are shown 
in Table 1. The 1988 studies are not shown inasmuch as they 
were conducted at the two Central Iowa sites used in 1987 and 
are similar to 1987 with the following exceptions: Planting 
date for corn in 1988 was 1 May and growing-season 
precipitation was 276 mm. 
The experiments were conducted in a split-plot design 
within larger studies conducted as randomized complete-block 
designs. Main plots were two N rates, and subplots were one-
and three-row microplots. Nitrogen was applied after 
planting within 0.05 m of the plant row at a depth of 0.10 m 
by hand injectors designed to simulate a spoke-wheel injector 
(Benjamin et al., 1988). To the main plots, N was applied as 
UAN (urea-NH^NOg solution). For N-recovery determination, 
one- and three-row microplots were randomly selected from 
within the main plots treated at rates shown in Table 1. For 
these microplots, a solution of ^®N-depleted NH^NOg (99.99% 
1*N) was substituted for UAN. 
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Table 1. Experimental environments for three locations in 
1987 
Replications 
Soil properties 
Soil series Monona Webster Marna 
surface 0.15 m — surface 0.30 m — 
PH 
Organic C (g kg 
Total N (g kg" ) 
Management 
Rotation 
Corn hybrid 
Planting date 
Population . 
(plants ha"^) 
N application date 
Growth stage at 
N application 
Precipitation (mm) 
(April-August) 
N rates 
Low 
High 
(kg ha~^) 
7.0 
19 
2 . 2  
corn-corn , 
McCurdy 7277* 
8 May 
54,300 
1 June 
V4 
674 
56 
112 
Microplot dimensions 
Row spacing (m) 
Row length (m) 
Row length sampled (m) 
Plants in sample 
0.97 
2.29 
1.53 
6.1 
24 
2.5 
corn-soybean 
Pioneer 3475 
26 April 
67,700 
5 May 
VI 
560 
67 
157 
0.76 
1.82 
0.91 
6.1 
22 
2.5 
corn-soybean 
Pioneer 3475 
26 April 
67,700 
6 May 
VI 
560 
67 
157 
0.76 
1.82 
0.91 
Reference to a trade or company name is for information 
only and does not imply approval or recommendation by Iowa 
State University. 
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Whole-plant samples taken at physiological maturity were 
separated into stover and grain components. Samples taken 
from the middle row of three-row microplots and from the one 
row treated with labeled N in one-row microplots were dried 
at 60° C, weighed, and ground to pass a 40-mesh screen. 
Kjeldahl N in grain and stover components was determined by 
the permanganate-reduced iron method (Bremner and Mulvaney, 
1982). Isotope ratios were determined by oxidizing ammonium 
to Ng with sodium hypobromite (Hauck, 1982) and injecting the 
Ng into a Finnigan MAT 250 mass spectrometer. Percentage of 
plant N derived from fertilizer (PNDF) was calculated by 
using Eg. (1). 
PNDF = (APg - APj.)/(APf - APp) X 100 (1) 
where APg, AP^, and AP^ represent the atom percentages of 
of the plant sample, labeled fertilizer, and reference plant 
samples taken from control plots receiving no N fertilizer, 
respectively. 
Analysis of variance of the complete model including 
year and location main effects and interactions was performed 
by using the Statistical Analysis System (SAS) (SAS 
Institute, 1985). Since year and location effects and 
interactions were not significant at the 0.05 level, the 
analysis was simplified by performing analysis of variance on 
subplot means in a split-plot design using experimental 
environments as replications, N rates as main effects, and 
plot size as subplot effects. 
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RESULTS AND DISCUSSION 
Mean percentage N derived from fertilizer in corn grain 
and stover is shown in Table 2. Only rate main effects were 
significantly different at the 0.05 level. Plot size (number 
of isotope-treated rows) main effects and the rate X plot 
size interaction were not significant for plant components 
(pr>F 0.95 and 0.35, respectively, for grain and 0.23 and 
0.51, respectively, for stover). These results, which were 
consistent over several environments, indicate that, for the 
level of sensitivity of this study, one isotope-treated row 
is adequate for determining N recovery from in-row subsurface 
application in the first crop year after application. As 
pointed out by Sanchez et al. (1987) and Jokela and Randall 
(1987), lateral movement of N by mass flow or diffusion is 
negligible during the first year after application. When N 
is applied in the plant row, root proliferation can occur at 
the expense of total root growth and result in a large 
portion of the plant N being taken up from the application 
zone (Anghinoni and Barber, 1988; Garcia et al., 1988). 
Without significant lateral N movement, it is unlikely that 
plant roots would access a significant amount of fertilizer N 
placed in an adjacent row (Anderson, 1987). 
Sanchez et al. (1987) noted that lateral N movement by 
translocation in plants and deposition of residue may result 
in movement of labeled N out of or unlabeled N into the 
microplot. As N moves laterally with crop residue, it may 
15 
become accessible to subsequent crops. A one-row microplot 
would be unsuitable for studies of residual-N recovery. 
Table 2. Mean percentage N derived from fertilizer in corn 
plant components from microplots with one and three 
rows treated with ^®N-depleted NH4NO3 
Stover Grain 
Year and 
site 1-row 3-row 1-row 3-row 
Low aDDlied-N rate® 
1987 
Webster 26. 3 (1 .2)b 26.5 (2.2) 26.0 (1.5) 25. 3 (2. 6) 
Marna 24. 0 (1 .5) 27.0 (1.3) 22.0 (1.5) 24. 5 (1. 8) 
Monona 22. 5 (1 .3) 23.7 (1.6) 19.8 (1.3) 19. 8 (1. 2) 
1988 
Webster 28. 5 (2 .9) 28.5 (2.4) 28.5 (2.9) 28. 0 (2. 4) 
Mama 26. 3 (2 .1) 23.8 (1.1) 25.3 (2.3) 21. 0 (2. 1) 
Hiah aoolied-N rate 
1987 
Webster 45. 7 (1 .8) 50.0 (1.2) 46.0 (1.7) 49. 0 (1. 2) 
Marna 45. 0 (2 .0) 46.3 (1.7) 46.3 (1.3) 46. 8 (1. 8) 
Monona 36. 5 (2 .6) 36.0 (2.4) 33.0 (2.0) 31. 8 (2. 1) 
1988 
Webster 44. 5 (1 .0) 44.5 (1.3) 44.5 (0.5) 45. 8 (1. 3) 
Marna 39. 3 (2 .8) 40.3 (1.1) 39.5 (3.0) 39. 3 (1. 8) 
^Low and high applied-N rates refer to rates shown for 
experimental environments in table 1. 
^Values in parentheses are standard errors of the 
means. 
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ABSTRACT 
Ridge conservation tillage systems are receiving 
increased attention as an alternative to flat no-till systems 
for row crop production. A recently-developed fertilizer 
applicator, the spoke-wheel injector has potential to improve 
fertilizer-use efficiency in ridge-till systems, but little 
work has been done to identify efficient N placements in 
ridges. A study was conducted to investigate corn fZea 
mavs L.) response to ridge-till N placement methods and to 
examine the inorganic N distribution resulting from point-
injected N fertilizer. Studies were conducted within a corn-
soybean rGlvcine max (L) Merr.] rotation in 1986-1988 at two 
central Iowa locations on Webster silty clay loam (fine-
loamy, mixed, mesic Typic Haplaquolls) and Marna silty clay 
loam (fine, montmorillonitic, mesic Typic Haplaquolls). 
Urea-ammonium nitrate solution (UAN) treatments consisted of 
a control (no N) and factorial combinations of three 
placements (surface broadcast spray, point injection between 
rows, or point injection in rows) and five rates (22, 45, 67, 
112, and 157 kg N ha~^). To determine fertilizer-N recovery, 
one-row microplots 1.82 m long were randomly selected from 
within the main plots of 0-, 67-, and 157-kg N ha"^ 
treatments in 1987 and 1988. For these microplots, a 
solution of ^®N-depleted NH^NO^ (99.99% ^^N) was substituted 
for UAN. Whole-plant samples taken at V6, VIO, R2, and R6 
growth stages from ^^N-depleted microplots were analyzed for 
total N and isotope ratios. Nitrate and exchangeable NH^* 
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were determined on soil samples taken from five positions 
perpendicular to the plant row (including tracked interrow, 
plant row, and untracked interrow) from 0-, 67-, and 157-kg N 
ha"l injection treatments. Soils were sampled at three 
depths (0 to 30, 60 to 90, and 120 to 150 mm) during grain 
filling in 1986 and 1987 and five depths (0 to 30, 60 to 90, 
120 to 150, 180 to 210, and 240 to 270 mm) after harvest in 
1988. Corn yields were determined by hand-picking portions 
of each plot. Generally, soil NO3-N and NH^-N levels were 
greater than the control at the injection point of 157 kg N 
ha~^ treatments. Nitrate-N accumulations in the ridge 
surface soil were greater than at other depths and were 
greater in treated than untreated plots. Injected N resulted 
in significantly greater corn yields, percentage N derived 
from fertilizer, and percentage of fertilizer N recovered 
than broadcast, but differences between injection positions 
were generally not significant. 
Additional Index Words; N efficiency, N placement, N 
recovery, urea-ammonium nitrate solution. 
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INTRODUCTION 
Ridge conservation tillage systems are receiving 
increased attention as an alternative to flat no-till systems 
for row crop production. The ridge system has potential to 
improve cool, wet, spring soil conditions that delay planting 
and slow germination and seedling development in poorly 
drained Northern Corn Belt soils (Benjamin et al., 1989; 
Radke, 1982). 
The ridge system has high soil positional variability 
which contributes to compensatory root growth (Benjamin et 
al., 1989; Bauder et al., 1985; Garcia et al., 1988). Ridge 
systems increase the potential for managing the root 
environment to overcome the negative effects of positional 
variability and are well adapted to controlled-wheel traffic 
compaction management. Garcia et al. (1988) suggested using 
nutrient placement and compensatory root growth in the ridge, 
the soil zone most favorable for root growth, to improve 
nutrient uptake efficiency. Their results indicated that 
nutrient uptake efficiency is improved more by nutrient 
placement when significant positional variability exists than 
in uniform soil conditions. Fausey and Dylla (1984) found 
that corn fZea mays L.) and soybean FGlvcine max (L) Merr.] 
yield reductions due to interrow compaction can be overcome 
by adequate fertility. 
A recently-developed fertilizer management tool, the 
spoke-wheel injector (Baker et al., 1985), makes subsurface 
fertilizer applications in ridge-till more practical than 
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previous application methods. The spoke-wheel injector 
reduces energy requirements, minimizes soil disturbance, and 
has the potential to improve N use efficiency by overcoming 
several of the fertilizer management problems encountered in 
no-till systems. Studies have shown subsurface urea bands to 
be more effective than surface applications for no-till corn 
(Fox et al., 1986; Mengel et al., 1982). No-till surface 
residues affect soil water conditions and microbial activity 
(Doran, 1980) and contribute to a microbial population shift 
toward facultative anaerobes, greater denitrification 
potential (Aulakh et al., 1984; Linn and Doran, 1984), and 
decreased nitrification rates (Doran, 1980). The increased 
surface-soil microbial biomass and activity under residue 
accumulations may increase fertilizer-N immobilization (Kitur 
et al., 1984; Rice and Smith, 1984) and ammonia 
volatilization potential of surface-applied urea (Bandel et 
al., 1980; Mengel et al., 1982; Keller and Mengel, 1986). 
The potential leaching losses of surface-applied N are 
greater with no-till than with conventional tillage because 
of greater soil moisture and an abundance of continuous 
macropores in untilled soils (Schuford et al., 1977; Thomas 
and Phillips, 1979; Thomas et al., 1973). 
Ridge injection would decrease denitrification potential 
by placing N in dryer soil and would minimize immobilization 
and ammonia volatilization by isolating N from the greatest 
residue accumulations. Ridge N placements would also be away 
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from the zones of greatest water flow and potential leaching 
(Kemper et al., 1975; Hamlett et al., 1986). 
Using point N placement and compensatory root growth to 
improve nitrogen uptake efficiency requires information about 
ridge N distribution. Previous studies have shown that 
fertilizer-N distribution may be influenced by microbial 
transformations (Singh and Beauchamp, 1988; Wagenet et al., 
1977), soil physical properties (Bates and Tisdale, 1957; 
Thomas and Phillips, 1979), and water potential gradients 
(Bums and Dean, 1964; Fritton et al., 1967), but the N 
distribution resulting from point N placement in ridges has 
not been studied. The objectives of this experiment were to 
determine the distribution of inorganic N resulting from 
point solution-N placement and to evaluate corn response to N 
point injection in ridge-tillage. 
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MATERIALS AND METHODS 
Field studies were conducted in 1986-1988 at two central 
Iowa locations. The plot areas were in an established corn-
soybean rotation managed as a ridge-till system on Webster 
silty clay loam (fine-loamy, mixed, mesic Typic Haplaguolls) 
and Marna silty clay loam (fine, montmorillonitic, mesic 
Typic Haplaquolls). Selected soil properties at three row 
positions (tracked and untracked interrows and plant row) are 
shown in Table 1. Particle size analysis was determined by 
the pipette method (Gee and Bauder, 1986). Average bulk 
density was determined from cylinder volume and oven-dry mass 
(105 ®C) of replicated 75-mm diameter Uhland cores taken 
after planting in 1987 at two depths (35-110 mm and 150-225 
mm). Soil chemical properties were determined by analysis of 
soil samples consisting of ten to twelve random 19-mm cores 
taken to a depth of 300 mm from each position within a 
replication. Samples were air dried, ground to pass a 2-mm 
sieve, and analyzed for soil pH (1:1 soil:water suspension), 
organic carbon (Walkley-Black method. Nelson and Sommers, 
1982), total N (permanganate-reduced iron method, Bremner and 
Mulvaney, 1982), exchangeable cations (ammonium acetate 
extraction and atomic absorption), cation exchange capacity 
(cation summation), and available P (Bray-1 acid extraction, 
Olsen and Sommers, 1982). 
The experimental design was a randomized complete-block 
with four replications of sixteen treatments. Corn and 
soybean were rotated between duplicate plot areas at each 
Table 1. Selected physical and chemical properties of Webster and Mama silty clay 
loams 
Bulk Organic Total Avail. Exch. 
Position Sand Clay Density pH Matter N CEC P K 
Mg m -3 g kg~^ cmol- kg~^ — mg kg~^ 
Webster 
Tracked 22.7 33.5 1.36 6.3 36.5 2.43 
Plant row 22.9 31.9 1.24 6.2 48.0 2.38 
Untracked 22.4 33.2 1.24 6.0 41.8 2.70 
33.9 
32.2 
35.8 
13.5 
19.4 
12.8 
131 
121 
105 
Marna 
Tracked 24.0 32.2 1.36 6.2 37.0 2.38 
Plant row 23.6 31.2 1.23 6.2 41.0 2.45 
Untracked 23.5 32.5 1.31 6.0 35.3 2.70 
31.2 
28.6 
28.9 
65.3 
69.4 
58.0 
319 
333 
259 
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location to obtain three corn years' data in successive 
years. Treatments were rerandomized annually. Treatments 
consisted of a control (no N) and factorial combinations of 
three placements (surface broadcast, interrow injection, and 
row injection) and five N rates (22, 45, 67, 112, and 157 kg 
N ha~^) applied after planting as UAN (urea-NH^NO^ solution). 
Treated plots consisted of six rows in 1986 and eight rows in 
1987 and 1988. Row spacing and row length in all years were 
0.76 and 7.6 m, respectively. Broadcast treatments were 
applied as a surface spray with no incorporation. Injection 
treatments were applied as point injections 100 mm deep 
spaced 200 mm apart along the length of the row either midway 
between plant rows (interrow injection) or within 50 mm of 
the plant row (row injection). Hand injectors designed to 
simulate a spoke-wheel injector (Benjamin et al., 1988) were 
used for injection treatments. 
To determine N recovery, one-row microplots (Blaylock et 
al., 1989) 1.82 m long were randomly selected from within 0-, 
67-, and 157-kg N ha""^ treatments in 1987 and 1988. For the 
fertilized microplots, a solution of ^^N-depleted NH^NOg 
(99.99% l^N) was substituted for UAN. Microplot locations 
within whole plots are shown in Figure 1, and microplot 
treatment and sampling schemes are shown in Figure 2. 
Corn (Pioneer 3475) ^ was planted on 2 May, 26 April, 
and 1 May in 1986, 1987, and 1988, respectively at about 
Reference to a specific company or product is for 
information only and does not imply approval or 
recommendation by Iowa State University. 
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6.1m 
6.1m 3.6m 7.6m 
depleted Microplot Areas 
Area Harvested for Yield Measurement 
Corn Rows 
Figure 1. Field plot diagram for 1987 and 1988 with microplot 
and harvested areas 
a. Broadcast b. Interrow inlectlon 
n 
• < 
« 
0.76 
• Corn Plants 
I I Area Treated with Broadcast ^^N-depleted NH4NO3 
• Position of Injected ^^N-depleted NH4NO.3 
^3 Plant Sampling Area 
c. Row Injection 
• 
• 
• 
Figure 2. Treatment and sampling scheme for ^®N-depleted microplots 
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86,000 plants ha"l and thinned at the V6 growth stage to 
67,000 plants ha~^. Growth stages described are those of 
Ritchie and Hanway (1982). Weeds were controlled with 
alachlor [2-chloro-2',6'-diethyl-M-(methoxymethyl) 
acetanilide, 2.1 kg a.i. ha**^, 1986 and 1987] or metolachlor 
[2-chloro-fi- (2-ethyl-6-methylphenyl) -N-(2-methoxy-l-
methylethy 1 )acetamide, 1.7 kg a.i. ha~^, 1988] applied in 
37.9 L HgO ha"^ in a 380-mm band over the row at planting. 
Dicamba (3,6-dichloro-o-anisic acid) was applied as necessary 
and was supplemented by an early, shallow cultivation in 1986 
and 1988. In 1987 and 1988, terbufos (S-[[(l,l-
dimethylethyl ) thio ] methyl ] 0,0-diethylphosphorodithioate, 1.4 
kg a.i. ha"^) was applied in the row at planting for rootworm 
control. In 1987, lime (2800 kg calcium carbonate equivalent 
ha~^) was applied to the Webster site. Forty-five kg P ha~^ 
and 115 kg K ha'^ were surface broadcast before planting to 
both the Webster and Marna sites in 1987. No lime, P, or K 
was applied in 1986 and 1988. 
Ridge rebuilding, normally performed in both corn and 
soybean crops at the last cultivation, was not performed in 
1986 and 1987 corn and 1987 soybean because of wet soil 
conditions at the intended cultivation times. Ridge 
rebuilding was performed at about the V8 growth stage in 1988 
corn, but implement depth was above fertilizer injection 
depth to avoid mechanical fertilizer disturbance. Average 
ridge height at planting decreased from about 200 mm in 1986 
to about 80 mm in 1988. 
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Soil in control and injected treatments at 67 and 157 
kg N ha~^ (referred to herein 167, 1157, R67, and R157 for 
interrow and row injections at 67 and 157 kg N ha~^, 
respectively) was sampled for NOj" and exchangeable 
analysis, air dried, and ground to pass a 1-mm sieve. 
Figure 3 shows the five row positions and three depth 
intervals (0-30, 60-90, and 120-150 mm below the surface) 
sampled in 1986 and 1987. Two additional depths (180-210 and 
SAMPUNG POSITION 
1 
2 
3 
PLANT 
ROW 
4 
5 
E Ê, 
TRACKED 
INTERROW 
0-30 X X 
^ X ^ 
X 
X X 
UNTRACKEO 
INTERROW . 
X 
1 
60-90 X X X X 
120-150 X X 
Figure 3. Soil sampling scheme for 1986 and 1987 
240-270 mm) were sampled in 1988 but are not shown in 
Figure 3. Five random 19-mm cores were composited for each 
position and depth within a replication. Samples were taken 
at the R4-R5 growth stage in 1986 and 1987 and after harvest 
in 1988. In 1988, hard, dry soil conditions prevented 
relieible sampling until early September (ten days after a 
102-mm rainfall event). A lOO-mm rainfall event preceded 
sampling by about 14 days in 1987. 
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Nitrate was extracted from soil samples by shaking 10 g 
of air-dry soil with 50 ml of a solution containing 0.025 
moles aluminum sulfate and 0.020 moles boric acid 
adjusted to pH 3 with sulfuric acid (Mills, 1980) for one 
hour. Exchangeable was extracted by shaking 10 g of 
air-dry soil with 50 ml of 2.0 KCl for one hour (Keeney and 
Nelson, 1982). Ammonium extracts were adjusted to pH 3 by 
addition of HCl to inhibit possible NHg losses, and NOg" and 
NH^"*" extracts were stored at 3 ®C until analysis which was 
completed within several days of extraction. 
Nitrate-N and NH4-N concentrations in filtered extracts 
were determined with an Orion model EA 940 Expandable 
lonAnalyzer equipped with Orion model 93-07 NO^" and Orion 
model 95-12 ammonia gas electrodes, respectively according to 
Orion Research, Inc. (1984, 1986) instructions. Soil NOg-N 
and NH^-N were adjusted for soil air-dry gravimetric water 
content. Prior to NO^" analysis, 100 random samples were 
analyzed for NOg" and Cl" to determine possible 
interferences. Nitrite was not detected in any sample and 
Cl~ concentrations were below levels shown to cause 
significant electrode interference (Orion Research, Inc., 
1986). 
For N recovery determination, whole-plant samples were 
taken at V6, VlO, R2, and R6 growth stages from 0, 67, and 
157 kg N ha'^ treatments. Whole plants taken at R6 growth 
stage were separated into stover and grain components. The 
V6 growth-stage samples consisted of plants removed by 
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thinning microplots, excluding plants within 0.46 m of 
microplot ends. The VIO, R2, and R6 samples consisted of 
three plants each from the center 0.91 m of the ^^N-depleted 
microplots. Samples were dried at 60 weighed, ground to 
pass a 40-mesh screen, and subsampled for total N and isotope 
ratio analysis. Kjeldahl N in plant material was determined 
by the permanganate-reduced iron method (Bremner and 
Mulvaney, 1982). Isotope ratios were determined by oxidizing 
NH4-N to Ng with sodium hypobromite (Hauck, 1982) and 
injecting the Ng into a Finnigan MAT 250 mass spectrometer. 
Percentage of plant N derived from fertilizer (PNDF) was 
calculated by using Eg. (1). 
PNDF = (APg - APy)/(APf - APp) X 100 (1) 
where APg, AP^, and APj. represent the atom percentages of 
of the plant sample, labeled fertilizer, and reference plant 
samples taken from control plots receiving no N fertilizer, 
respectively. Percentage of fertilizer N recovered in plant 
material was calculated from plant total N, percentage of N 
derived from fertilizer, and plant dry weights. 
Corn was hand harvested from 6.1 m of each of the two 
center rows of each plot. Grain was weighed and dried to 
determine field moisture content, and yields were adjusted to 
15.5% moisture content. 
Analysis of variance was performed according to SAS 
Institute (1985) procedures by combining data over locations 
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(Cochran and Cox, 1957, p. 548-550) and analyzing by year. 
Mention of statistical significance in the text refers to 
alpha less than or equal to 0.05 unless otherwise stated. 
Soil NO3-N and NH^-N were analyzed as a split-split-plot 
design with treatments as main plots, row position as 
subplots, and depth as sub-subplots. Depth effects were 
treated as repeated measures in space, and appropriate F 
tests were made by using conservative degrees of freedom. 
Pre-planned orthogonal contrasts were constructed to test 
specific treatment, position, and depth main effects and 
interactions. 
Plant N derived from fertilizer and percentage of 
fertilizer N recovered data were analyzed as a randomized 
complete block with treatment sums of squares subdivided into 
placement (further subdivided into single degree-of-freedom 
contrasts), rate, and placement X rate effects (Cochran and 
Cox, 1957, p. 61-70). Corn yield responses were analyzed by 
analysis of variance with treatment sums of squares 
subdivided as for percentage N derived from fertilizer and 
percentage of fertilizer N recovered and by regression 
analysis with the control common to all placement methods. 
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RESULTS AND DISCUSSION 
Soil N Distribution 
The analysis of variance of soil NO3-N and NH^-N is 
shown in Table 2. Treatment and position main effects are 
subdivided into specific contrasts. Significant treatment X 
position contrasts are shown, but the subdivision of depth 
main effects and interactions has been omitted. Soil NO3-N 
concentrations are shown in Figure 4. Generally, main 
effects and interactions were not significant in 1986, but 
were significant in 1987 and 1988 (Table 2). Significant 
treatment X position and treatment X position X depth 
interaction contrasts indicate that most of the treatment 
effects can be accounted for by significantly greater NO3-N 
levels at the injection point of 1157 and R157 than other 
treatments. In 1986 and 1987, row NO3-N distributions 
resulting from row injection were not significantly different 
from interrow NO3-N resulting from interrow injection. 
However, in 1988, maximum interrow NOg-N from interrow 
injection was measured at 60 to 90 mm and maximum row NO3-N 
from row injection occurred at 120 to 150 mm. Ridge 
rebuilding after N injection in 1988 moved soil from 
interrows into the row and apparently changed the relative 
depth of N placement. 
The 67 kg N ha~^ treatments had no significant effect on 
NO3-N levels except in the tracked interrow in 1988. Ridge 
surface NO3-N accumulations were generally greater in treated 
than control plots and were generally greater than NO3-N at 
Table 2. Soil nitrate and exchangeable ammonium analysis of variance mean squares 
for treatment, position, and depth effects and selected contrasts 
Source df 
1986 1987 1988 
NO3 NH4 NO3 NH4 df NO3 NH4 
Treatment (T) 4 322.5 184.0 1113.6** 89.5 4 5833.8** 53.0 
0 vs others (Tl) 1 348.5 92.8 1004.7* 174.4 1 8864.1** 73.9 
67 vs 157 (T2) 1 682.4 223.4 3449.5** 116.6 1 13466.7** 104.8 
157 vs R57 (T3) 1 5.3 24.0 0.1 52.7 1 299.9 7.6 
1157 vs R157 (T4) 1 253.9 396.0* 0.1 14.2 1 704.6 25.8 
Error A 95.8 35.5 66.3 23.1 149.3 23.1 
Position (P) 38.3 29.8 297.2** 25.0 2624.7** 21.9* 
2&4 vs 1,3&5 (PI) 1 119.6 95.2 980.8** 68.2* 1 241.7 61.1** 
3 vs 1&5 (P2) 1 11.7 18.6 99.4 10.6 1 4776.9** 25.0* 
1 vs 5 (P3) 1 6.6 4.7 99.1 10.9 1 4368.6** 0.4 
2 vs 4 (P4) 1 15.1 0.5 9.5 10.5 1 1111.5* 1.1 
T X P 16 97.9* 83.9 460.8** 36.1** 16 2725.2** 36.5** 
T1 X P2® 1 1 28.4* 
T2 X PI 1 191.4* 1 43.5** 
T2 X P2 1 406.4* 1 
T2 X P3 1 1 1157.5* 
T3 X P2 1 1 1182.5* 34.0* 
T4 X PI 1 198.8* 1 5219.3** 64.4** 
T4 X P2 1 1240.9** 431.1** 1 27854.9** 336.7** 
T4 X P3 1 43.2* 1 4741.8** 25.3* 
T4 X P4 1 1 1206.8* 
Error B 20 38.7 42.3 59.7 9.3 20 219.4 5.2 
Depth (D) 2 98.5 141.5 56.2 115.2* 4 11846.7** 234.9* 
T X D 8 8.1 16.6 51.9 13.4 16 308.4 21.6 
Error C 10 48.1 95.0 12.2 9.0 20 100.0 17.3 
P X D 8. 24.7 34.6 55.7* 18.3* 16 530.7** 25.1** 
T X P X D 32 19.0 22.0 136.2** 10.6 64 192.0** 11.6* 
Error D 40 12.2 23.0 16.0 5.2 80 56.4 4.9 
^Indicate interactions between treatment and position main effect contrasts. 
* and ** indicate 0.05 and 0.01 levels of significance, respectively . 
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other depths except in controls and at injection points of 
157 kg N ha"*^ treatments. Nitrate-N distributions at 
positions two and four were generally not affected by 
treatments except for the surface accumulations described 
above and the 1157 treatment effect on position four in 1988. 
Comparisons between tracked and untracked interrows were 
significant only in 1988 when 1157 resulted in very high 
NO3-N at the 60- to 90-mm depth interval of the tracked 
interrow. 
Treatment, position, and depth effects on NH^-N were 
generally not significant in 1986 (Table 2). Most position 
and depth main effects and interactions were significant in 
1987 and 1988, but treatment main effects were not 
significant. Individual contrasts indicate that ammonium 
distributions (Figure 5) paralleled NO3-N distributions. The 
157 kg N ha~^ treatments resulted in greater NH^-N levels at 
the injection point than other treatments, except for R157 in 
position three in 1986 and 1157 in position one in 1987. The 
67 kg N ha~^ rates significantly affected NH^-N levels only 
in the interrows of the 1988 167 treatment. Ammonium-N 
levels in positions two and four were not affected by 
treatments. 
An interesting trend in NO3-N and NH^-N seemed to follow 
soil moisture conditions for the three years. The lowest 
NOg-^N levels, measured in 1986, corresponded to the highest 
NH^-N levels and the wettest soil conditions. Progressively 
drier soil in 1987 and 1988 corresponded to a decrease in 
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NH^-N from 1986 to 1988 and a concomitant increase in NO3-N. 
The NO3-N increase with drier soil would relate to an 
increasing oxidation potential with increasing air-filled 
porosity. High unfertilized-row NO3-N levels in 1988 may be 
related to greater mineralization of organic N than in the 
wetter years, reduced plant uptake resulting from limiting 
soil moisture, and/or NO^-N movement to the ridge surface 
with the high evaporation rates that existed in that year. 
Models of water flow in ridges indicate that, with 
evaporation from the surface, water can flow upward in ridge 
and transport NO3-N to the surface (Fritton et al., 1967). 
Data presented here agree with previous studies which 
indicate that NO3-N may move with water in the soil, but is 
not necessarily leached out of the root zone with rainfall 
(Nelson, 1953; Schuford et al.\ 1977; Thomas and Phillips, 
1979). Although NO3-N lost by leaching was not determined, 
and the depths sampled were too shallow to assess downward 
movement, NO3-N recovered at the N injection point was 
significantly greater than corresponding unfertilized 
positions even in 1986, a year of above-normal rainfall, and 
in 1987 and 1988 after 100-mm rainfall events. Ammonium-N 
remained at or near the injection point as has been observed 
in other studies (Nelson, 1953; Gomes and Loynachan, 1984; 
Singh and Beauchamp, 1988). Zones of NO3-N concentration 
resulting from point injection may indicate that point 
injection has the potential to reduce N losses, but there did 
not seem to be a greater protection of N in the row than in 
the interrow as was reported by Hamlett et al. (1986). 
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Plant N Uptake 
Subdivision of treatment effects and analysis of 
variance mean squares for percentage of plant N derived from 
fertilizer and percentage of fertilizer N recovered are shown 
in Table 3. In 1S87 and 1988, placement and rate main 
effects on percentage of plant N derived from fertilizer were 
generally highly significant, but the placement X rate 
interaction was not significant. Mean percentage of plant N 
derived from fertilizer at four growth stages is shown in 
Table 4. Plant N derived from injected N was greater than 
from broadcast N except at the V6 growth stage in 1988. Row 
injection was generally not different from interrow injection 
beyond the V6 growth stage. A large difference between 1987 
and 1988 broadcast percentage of plant N derived from 
fertilizer at V6 is explained by 9 mm of rain within two days 
of fertilization in 1988. No measurable rainfall was 
recorded within 7 days of N application in 1987. 
Treatment effects on percentage of fertilizer N 
recovered at R6 (Table 5) are similar to percentage of plant 
N derived from fertilizer. More injected N was recovered 
than broadcast N, but there was little effect of injection 
position. Rate effects were significant for grain but not 
for stover. In 1987, more fertilizer N was recovered from 
157 kg N ha~^ than from 67 kg N ha"^. Greater efficiency at 
the high N rate may be explained by greater root 
proliferation in the zone of application and generally larger 
plants. 
Table 3. Analysis of variance mean squares for percentage of plant N derived from 
fertilizer at V6, VIO, R2, and R6 growth stages and percentage of 
fertilizer N recovered in mature plants 
Plant N derived from fertilizer N recovery® 
source df V6 VIO R2 R6 stover Grain 
1987 
Location 1 360.1* 50.0 28.3 12.0 31.0 43.1 
Rep(lioc) 6 27.7 48.2 43.5 32.2 15.0 34.5 
Treatment 5 3291.0** 983.7** 1115.9** 1169.4** 192.7** 104.7** 
Placement y. 2 8083.4** 835.9** 941.2** 992.5** 460.9** 2387.8** 
B vs I,R° 1 10103.9** 1555.8** 1881.9** 1958.8** 909.4** 4760.5** 
I VS R 1 6503.2** 166.1 0.3 7.4 3.6 0.0 
Rate 1 438.3 2865.0** 3786.4** 4003.4** 37.7 596.8* 
Place X Rate 2 81.8 123.6 26.9 5.3 9.4 29.2 
Treat X Loc 5 „ 167.0** 61.7 7.6 11.0 8.7 61.9 
Error (29) ® 25.0 38.1 24.7 12.5 7.3 33.4 
1988 
Location 1 158.1 78.8 324.0* 166.8** 32.2 4.5 
Rep(Loc) 6 41.8 47.4 39.1 5.6 7.6 48.7 
Treatment 5 1318.0** 660.0** 685.4** 717.0** 94.3* 39.4* 
Placement 2 2886.1** 1166.4** 883.8** 879.2** 188.2** 757.6** 
B vs I,R 1 212.4 2236.9** 1669.2** 1693.1** 310.0** 1490.0** 
I vs R 1 5559.9** 95.9* 98.4 65.4 66.4* 25.2 
Rate 1 756.1** 871.3** 1657.9** 1782.4** 52.3 417.1* 
Place X Rate 2 30.8 48.0 0.8 22.0 21.5 32.4 
Treat X Loc 5 42.7 8.7 49.3 32.7 9.1 39.8 
Error 30 35.6 19.8 20.9 19.0 10.4 30.9 
^Percentage of fertilizer N recovered in plant material. 
I, and R indicate broadcast, interrow, and row N placements, respectively. 
^Missing data resulted in one lost degree of freedom. 
* and ** indicate 0.05 and 0.01 levels of significance, respectively. 
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Table 4. Percentage of plant N derived from fertilizer 
at V6, VIO, R2, and R6 growth stages 
N Rate 
1987 1988 
B^ I R B I R 
kg ha~^ 
67 1.6 16.0 42.6 . 30.3 15.2 39.5 
157 3.3 21.7 (52.7)* 40.3 20.0 48.5 
m 
67 27.6 41.0 (47.5) 24.8 39.9 40.0 
157 49.7 56.1 (58.2) 34.2 44.6 51.5 
sa 
67 20.5 32.3 31.3 17.2 28.1 31.2 
157 35.8 50.5 (51.9) 28.9 39.5 43.4 
M 
67 12.3 25.7 24.4 15.3 26.1 27.1 
157 29.8 45.0 (43.9) 25.8 37.3 42.0 
1, and R represent broadcast, Interrow, and 
row N placements, respectively. 
^Values In parentheses are means of seven 
observations due to missing data. 
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Table 5. Percentage of fertilizer N recovered in 
mature plants 
N Rate 
1987 1988 
B I R® B I R 
kg ha"l stover 
67 7.4 18.6 16.6 . 6.3 12.4 14.8 
157 10.3 18.6 (18.8)* 6.8 8.5 11.9 
arain 
67 15.9 39.2 36.4 13.4 27.2 27.5 
157 23.8 43.5 (45.3) 10.3 18.4 21.7 
I, and R represent broadcast, interrow, and 
row N placements, respectively. 
^Values in parentheses are means of seven 
observations due to missing data. 
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Yield Response 
Yield responses for 1986 and 1987 are shown in Figs. 6 
and 7. In 1988, yield response to N treatments was limited 
by below-normal precipitation and is not shown. In 1988, 
there was a slight, significant linear response to interrow-N 
injection, but there was no response to either broadcast- or 
row-N treatments. Quadratic responses were significant for 
injection placements in 1987, but a significant linear 
response was observed for the 1987 broadcast treatments and 
all placements in 1986. In 1986, rainfall quantity and 
distribution were very favorable for corn production, and 
yield responses remained linear in the range of N rates used. 
Apparent placement X rate interactions in 1986 and 1987 
were not significant (Table 6). For both 1986 and 1987, 
comparisons of placement means (Table 7) showed highly 
significant differences between broadcast and injected N, but 
no difference between interrow and row injections. Lack of 
significant placement X rate interaction may indicate that a 
unit of broadcast N is equivalent to a unit of injected N, 
but that some minimum overapplication of broadcast N is 
necessary to compensate for lost or unavailable N. If N 
injection were more efficient than broadcast because of root 
proliferation in the injection zone, then one would expect 
yield-response slopes for injected N to be steeper than for 
broadcast N. An analogous comparison made for row and 
interrow slopes may indicate that, for these conditions, 
either other interacting environmental factors may have 
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Figure 6. Corn yield response to N placements and rates in 
1986 
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Figure 7. Corn yield response to N placements and rates in 
1987 
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Table 6. Corn yield analysis of variance mean squares 
Source df 1986 1987 1988 
Location 1 204. 3 * 34. 1 ** 8. ,7 
Error A 6 16. 8 0. 3 3. ,0 
Treatment 15 29. ,6 ** 23. 0 ** 1. ,0 
0 vs others 1 57. 9 ** 66. 8 ** 0. 4 
Placement 2 10. 8 * 7. 6 ** 0. 6 
B vs I,R* 1 19. 9 ** 13. 9 ** 0. 8 
I vs R 1 1. 7 1. 3 0. 4 
Rate 4 88. 9 ** 65. 1 •ft* 1. 4 
Place X Rate 8 1. 1 0. 2 1. 0 
Treat X Loc 15 2c .1 0, .4 0. 8 
Error B 90 1, .3 0. 3 0. ,9 
I, and R represent broadcast, inter row, and row N 
placements, respectively. 
* and ** indicate 0.05 and 0.01 levels of significance, 
respectively. 
Table 7. Mean corn yields for three N placements 
Placement 1986 1987 1988 
Control^ 
Broadcast^ 
Interrow* 
Row^ 
^Means of eight observations. 
^Means of 40 observations. 
Mg ha~^ 
6.01 5.14 4.37 
8.21 7.64 4.48 
8.93 8.49 4.59 
9.22 8.23 4.73 
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limited response to row placements or positional soil 
differences were insufficient to give a substantial advantage 
to one placement over another. Garcia et al. (1988) found 
that water depletion and root density were closely related. 
If root proliferation were stimulated near the ridge surface 
at the expense of root growth elsewhere (Anghinoni and 
Barber, 1988), water depletion from the ridge could induce 
some degree of moisture stress. Nitrogen placement deeper in 
the ridge could help reduce induced stress. 
Some differences among row and interrow positions in 
soil properties that could affect root growth and N uptake 
were observed and could account for some of the inorganic 
soil N differences. For example, bulk densities were greater 
in tracked interrows than in the row (Table 2). Although the 
tracked interrow bulk densities were less than levels 
generally considered restrictive to root growth, positional 
root-growth differences could have occurred. Inorganic N 
recovered in row and interrow positions does not indicate 
substantial differences in N losses or transformations 
between row and interrow positions. Both soils used in this 
study are productive soils without large positional 
differences under the present management. With greater 
differences in interrow physical or chemical conditions, a 
greater advantage for row N placements may be possible 
(Garcia et al., 1988). 
Two factors complicate interpretation of broadcast-N 
recovery, and conclusions about N uptake efficiency should be 
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made with this in mind. Because of the microplot broadcast 
application area, corn plants sampled from broadcast 
microplots may have accessed unlabeled-N fertilizer from 
adjacent rows making the broadcast-N recoveries artificially 
low. Also, because NH^NO^, a material shown to be more 
efficient for surface broadcast applications than UAN (Fox 
et al., 1986; Touchton and Hargrove, 1982) was used instead 
of UAN, N recoveries could be greater in microplots than in 
whole plots. The differences between AN and UAN would be 
minimized by injection and comparisons of injected treatments 
should be valid. However, the relatively low recoveries of 
broadcast NH^NO^ are very consistent with broadcast-N 
recoveries measured at a large number of sites in other Iowa 
studies (Cerrato, 1989). The N-recovery differences between 
broadcast and injected N are large, and, based on root 
distribution and activity studies (Anderson, 1987; Mengel and 
Barber, 1974), most of the root growth and N uptake should 
occur under the plant row. Unlabeled-N uptake from adjacent 
rows would not likely constitute a large fraction of 
fertilizer-N uptake. The N recoveries measured support the 
yield responses in that differences between broadcast and 
injected N were highly significant, but row and interrow 
injections were not different, and for both N-recovery and 
yield response, placement X rate interactions were not 
significant. 
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GENERAL SUMMARY 
Microplot Size 
A method of determining N recovery from in-row 
subsurface application using one isotope-treated row is 
presented and was found to be adequate for N-recovery 
determinations in the first crop year after application. As 
shown by others (Sanchez et al., 1987; Jokela and Randall, 
1987), lateral N movement in soil is negligible during the 
first year after application. When N is applied in the plant 
row, root proliferation can result in a large portion of the 
plant N being taken up from the application zone (Garcia et 
al., 1988). Without significant lateral N movement, it is 
unlikely that plant roots would access fertilizer N placed in 
an adjacent row (Anderson, 1987). 
Lateral N movement by crop residue deposition, however, 
may result in movement of labeled N out of the microplot or 
of unlabeled N into the microplot and accessibility to 
subsequent crops (Sanchez et al., 1987). A one-row 
microplot, therefore, would be unsuitable for studies of 
residual-N recovery. 
Soil N and Corn Response 
An N placement-rate study was conducted to examine N 
point injection as an alternative N placement method for 
improving N-use efficiency by ridge-till corn. Soil N 
distribution, corn N uptake, and corn yield response were 
measured. 
55 
In three years of different rainfall, some similarities 
and some differences in N distributions were observed. 
Nitrate-N recovered at the N injection point of 1157 and R157 
treatments was consistently and significantly greater than 
corresponding unfertilized positions even in 1986, a year of 
above-normal rainfall, and in 1987 and 1988 after lOO-mm 
rainfall events. Ammonium-N remained at or near the 
injection point as has been observed in other studies 
(Nelson, 1953; Gomes and Loynachan, 1984; Singh and 
Beauchamp, 1988). Differences in the overall average NO3-N 
and NH^-N levels among years were observed and seemed to 
relate to rainfall and soil moisture conditions. The 
greatest NO3-N corresponded to the least NH^-N and the least 
rainfall (1988) while the least NO3-N corresponded to the 
greatest NH^-N and the greatest rainfall (1986). 
Data presented here agree with previous studies in that 
NO3-N seemed to move with water in the soil, but was not 
necessarily leached out of the root zone with rainfall 
(Nelson, 1953; Schuford et al., 1977; Thomas and phillips, 
1979). Although ^®N isotope-labeled fertilizer would be 
necessary to positively identify fertilizer-N movement, the 
NO3-N levels measured at the ridge surface indicate that 
significant upward NOg" movement occurred in soil water. 
Evaporation from the ridge surface would create a water 
potential gradient and cause water (and solutes) to move 
within the ridge (Fritton et al., 1967). 
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In 1988, there was evidence (NO3-N in position four from 
R157 treatment) of NO^-N movement in the direction of tracked 
side to untracked side of the ridge. No attempt was made to 
separate uptake from different interrows, but root growth 
studies indicate that compacted zones can restrict root 
growth, water uptake, and nutrient uptake (Garcia et al., 
1988). If greater root growth occurred on the untracked side 
of the ridge, greater water extraction on that side would 
create a water potential gradient and water would move in the 
direction of tracked side to untracked side. Greater root 
growth in the untracked than tracked interrow might account 
for lesser soil NO^-N measured in the untracked than tracked 
interrow. The tracked interrow would have greater volumetric 
water content and unsaturated hydraulic conductivity at 
prevailing soil water potentials than the untracked interrow, 
which would contribute to water movement from tracked to 
untracked side of the ridge. 
Differences in root growth and accompanying N uptake 
could account for some of the soil N differences. Although 
soil bulk densities were less than levels generally 
considered restrictive to root growth, positional root-growth 
differences could have occurred. Bulk densities were 
significantly different among positions. Zones of N 
concentration resulting from point injection may indicate 
that point injection can potentially reduce N losses, but 
there did not seem to be a greater protection of N in the row 
than in the interrow as reported by Hamlett et al. (1986). 
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Plant N recoveries and yield responses indicate that, 
under the conditions of this study, row injection was not 
better than interrow injection, but both injection positions 
were better than surface broadcast N. Both soils used in 
this study (as well as many other Iowa soils) are productive 
soils without large positional differences under the present 
management, with greater limiting interrow physical or 
chemical conditions, a greater advantage for row N placements 
may be possible. 
Limitations and Research Needs 
During the course of this study, several limitations and 
weaknesses of the study have been discovered. Soil sampling 
with point nutrient placements needs to be addressed. The 
sphere of treatment effects in the soil seems to remain 
small, even with mobile nutrients such as NO^", and raises 
questions about the validity of random sampling. Should the 
sample represent the bulk soil or the concentrated point of 
application? What best represents the plant's interaction 
with the soil? Some studies currently being conducted 
address only part of the problem. If an appropriate sampling 
method is identified, can it be correlated and calibrated to 
plant response? 
One weakness of this study is that soils were not 
sampled from the broadcast N treatments. At the inception of 
the experiment, the large number of soil samples and analyses 
seemed overwhelming, and the broadcast treatments were 
omitted to bring the number down to something more 
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reasonable. In hindsight, the soil N distribution resulting 
from broadcast N would be a valuable addition to the data 
set. 
More measurements of soil physical properties would add 
to this study. The data presented seem to suggest that NO^-N 
movement as described above is plausible, but appropriate 
physical property measurements along with soil-water flow-
model simulations could support the discussion which, 
presently, is mostly speculation. 
The concept of point N placement is still relatively new 
and seems to offer management options not available with 
other N application methods. The equipment is available to 
make late season applications when other methods would be 
impractical if not impossible. Interactions of soil physical 
and chemical properties, root growth, and nutrient uptake, I 
believe, are at the heart of understanding N uptake from 
point fertilizer placements. Immobile nutrients, such as P 
and K, should also be studied since they affect root growth 
and are affected by soil properties. 
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APPENDIX A: RAINFALL AND SOIL PROPERTIES 
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Table Al. Growing season monthly precipitation at central 
Iowa experimental site for 1986, 1987, and 1988 
Month 1986 1987 1988 
mm 
April 108 69 51 
May 107 56 37 
June 177 75 44 
July 85 166® 23 
August 70 194 121 
^Monthly totals for July, 1987 and August, 1988 include 
single rainfall events greater than 100 mm. 
Table A2. Analysis of variance mean squares and protected LSDs for comparing soil 
chemical properties among row positions 
OM® PB PO K ZN S PH BUF CA MG CEC TN 
Webster 
MS 132.6* 52.6** 10.9 702.1 0.5 13.1 0.1 0.0 5.6X10® 15456 13.3 0.1 
LSDo. 05 70 3.5 NS NS NS NS NS 
Marna 
NS NS NS NS NS 
MS 34.8 132.6 11.5 6152.1 0.3* 3.6 0.03* 0.0 1.3X10®* 8400 8.1* 0.1* 
LSDo. 05 NS NS NS NS 0.4 NS 0.13 NS 196.1 NS 1.6 0.2 
®OM=organic matter (g kg~^), PB=Bray-l P (mg kg~^), P0=01sen P (mg kg~^), 
K=exchangeable K (mg kg~^), ZN=available Zn (mg kg" ), S=available S (mg kg" ), 
PH=soil pH, BUF=SMP buffer pH, CA=exchangeable Ca (mg kg~^), MG=exchangeable Mg 
(mg kg~^), CEC=cation exchange capacity (cmolg kg" ), TN=total Kjeldahl N (g kg"^). 
* and ** indicate 0.05 and 0.01 levels of significance, respectively. 
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Table A3. Selected physical properties of Webster and Marna 
silty clay loams 
Position Sand Clay 
Bulk 
Density a® n* ®sat ®resid 
— — — Mg m"^ m"^ — m^ m"^ — 
Webster (35-110 mm death) 
Tracked 
Plant row 
Untracked 
22.6 
23.0 
21.5 
33.1 
31.3 
32.3 
1.393 
1.174 
1.178 
0.27 
12.86 
13.73 
1.313 
1.174 
1.182 
0.470 
0.549 
0.547 
0.081 
0.064 
0.064 
LSDo.os^ 0.124 NS 0.095 0.043 0.007 
Webster fl50 -225 mm death) 
Tracked 
Plant row 
Untracked 
22.8 
22.8 
23.3 
34.0 
32.6 
34.2 
1.348 
1.310 
1.290 
0.84 
2.26 
1.95 
1.236 
1.185 
1.189 
0.482 
0.496 
0.504 
0.078 
0.073 
0.075 
^°0.05 NS NS NS NS NS 
Marna (35-110 mm deoth) 
Tracked 
Plant row 
Untracked 
24.3 
24.0 
23.5 
31.3 
30.8 
31.5 
1.380 
1.190 
1.340 
0.29 
8.64 
1.51 
1.312 
1.186 
1.290 
0.469 
0.542 
0.485 
0.069 
0.053 
0.060 
LSDO.OS 0.110 2.46 NS 0.042 0.005 
Marna fl50-•225 mm deoth) 
Tracked 
Plant row 
Untracked 
23.6 
23.1 
23.5 
33.2 
31.7 
33.5 
1.348 
1.280 
1.288 
0.42 
1.84 
1.44 
1.300 
1.234 
1.250 
0.482 
0.508 
0.505 
0.069 
0.063 
0.063 
LSDo.05 NS NS NS NS 0.004 
^parameters of the water desorption curves from a 
nonlinear least squares fit of the van Genuchten equation. 
Fischer's least significant difference at the 0.05 
level. NS indicates not significant. No statistical test is 
appropriate for sand and clay as they were determined on 
unreplicated bulk samples. 
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Table A4. Pore size distribution for five pore size classes 
Pore size class (pm) 
Position >300 300-60 60-30 30-15 15-7.5 Sum 
Webster (35-
1 O H H 
Tracked 0 .039 0.010 0.003 0.005 0.009 0. 066 
Plant row 0 .106 0.040 0.027 0.018 0.015 0. 206 
Untracked 0 .092 0.035 0.026 0.014 0.015 0. 182 
LSDo.OS* NS 0.024 NS NS 0.005 0. 070 
Webster (150 -225 mm depth) 
Tracked 0 .073 0.004 0.001 0.003 0.006 0. 087 
Plant row 0 .073 0.017 0.011 0.007 0.008 0. 116 
Untracked 0 .070 0.016 0.008 0.012 0.012 0. 118 
asDo.os NS NS NS NS NS 0. 024 
Marna (35-110 mm deoth) 
Tracked 0 .029 0.020 0.008 0.007 0.008 0. 072 
Plant row 0 .096 0.057 0.021 0.016 0.015 0. 205 
Untracked 0 .048 0.027 0.008 0.008 0.010 0. 101 
%SDo.o5 NS 0.038 0.010 0.007 0.006 0. 058 
Marna (150-•225 mm deoth) 
Tracked 0 .027 0.027 0.008 0.008 0.009' 0. 079 
Plant row 0 .068 0.020 0.013 0.012 0.012 0. 125 
Untracked 0 .062 0.021 0.011 0.011 0.011 0. 116 
LSDo.05 0 .043 0.023 0.004 0.002 0.003 0. 036 
^Fischer's least significant difference at the 0.05 
level. NS indicates not significant. 
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Figure Al. Water desorption curves for Webster and Marna silty clay loams 
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APPENDIX B: SOIL N AND PLANT RESPONSE . 
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Figure Bl. Soil NO^-N/NH^-N ratio distributions 
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Table Bl. Corn yield regression analysis coefficients 
First order regression parameters 
N Placement intercept linear 
Broadcast 
Interrow 
Row 
Broadcast 
Interrow 
Row 
Broadcast 
Interrow 
Row 
5.691** 
6.274** 
5.932** 
5.164** 
5.712** 
5.542** 
4.525** 
4.172** 
4.614** 
1986 
0.0321** 
0.0323** 
0.0410** 
1987 
0.0307** 
0.0331** 
0.0324** 
1988 
-0.00093 
0.00564* 
0.00083 
0.622 
0.615 
0.731 
0 .828  
0 .886  
0.883 
0.010 
0.465 
0.006 
Second order regression parameters 
N Placement intercept linear quadratic 
1986 
Broadcast 6. 097** 0. 0124 0. 000124 0. 641 
Interrow 6. 092** 0. 0411 -0. 000056 0. 619 
Row 6. 037** 0. 0359 0. 000032 0. 731 
1987 
Broadcast 4. 964** 0. 0403* -0. 000061 0. 835 
Interrow 5. 099** 0. 0628** -0. 000188* 0. 945 
Row 4. 993** 0. 0590** -0. 000168* 0. 932 
1988 
Broadcast 4. 472** 0. 0016 -0. 000016 0. 016 
Interrow 4. 319** -0. 0015 0. 000045 0. 526 
Row 4. 618** 0. 0006 0. 000001 0. 006 
* and ** indicate 0.05 and 0.01 levels of 
significance, respectively. 
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Table B2. Corn leaf N regression analysis coefficients 
First order regression parameters 
N Placement intercept linear R^ 
1986 
Broadcast 1.273** 0.0067** 0.530 
Interrow 1.410** 0.0071** 0.578 
Row 1.286** 0.0076** 0.554 
1987 
Broadcast 1.407** 0.0054** 0.566 
Interrow 1.461** 0.0059** 0.441 
Row 1.389** 0.0073** 0.633 
1988 
Broadcast 1.482** 0.0025** 0.184 
Interrow 1.551** 0.0024** 0.211 
Row 1.554** 0.0036** 0.363 
Second order regression parameters 
N Placement intercept linear quadratic R^ 
1986 
Broadcast 1.349** 0.0030 0.000023 0.543 
Interrow 1.293** 0.0127** -0.000036 0.609 
Row 1.309** 0.0064 0.000007 0.555 
1987 
Broadcast 1.390** 0.0063* -0.000005 0.568 
Interrow 1.355** 0.0111** -0.000033 0.468 
Row 1.291** 0.0121** -0.000030 0.655 
1988 
Broadcast 1.530** 0.0002 0.000015 0.197 
Interrow 1.475** 0.0061* -0.000023 0.254 
Row 1.495** 0.0065* -0.000018 0.382 
* and ** indicate 0.05 and 0.01 levels of 
significance, respectively . 
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Table B3. Corn grain N regression analysis coefficients 
First order regression parameters 
N Placement intercept linear B 2 
1986 
Broadcast 
Interrow 
Row 
1.027** 
1.039** 
1.026** 
0.0008** 
0.0010** 
0.0013** 
1987 
0. 
0. 
0. 
548 
542 
544 
Broadcast 
Interrow 
Row 
1.029** 
1.058** 
1.046** 
0.0015** 
0.0017** 
0.0017** 
1988 
0. 
0. 
0. 
618 
797 
690 
Broadcast 
Interrow 
Row 
1.381** 
1.411** 
1.388** 
0.0016** 
0.0014** 
0.0019** 
0. 
0. 
0. 
372 
246 
454 
Second order regression parameters 
N Placement intercept linear quadratic R^ 
1986 
Broadcast 
Interrow 
Row 
1.058** 
1.055** 
1.057** 
-0.00064 
0.00017 
-0.00019 
3,987 
0.000009** 
0.000005 
0.000010* 
0.688 
0.572 
0.602 
Broadcast 
Interrow 
Row 
1.056** 
1.047** 
1.042** 
0.00020 
0.00219** 
0.00189** 
1988 
0.000008* 
-0.000003 
-0.000001 
0.657 
0.802 
0.691 
Broadcast 
Interrow 
Row 
1.356** 
1.381** 
1.335** 
0.00280* 
0.00283* 
0.00447** 
-0.000008 
-0.000009 
-0.000016* 
0.390 
0.269 
0.521 
* and ** indicate 0.05 and 0.01 levels of 
significance, respectively. 
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Figure B2. Corn yield response for 1988 
